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and may include a plurality of protrusions protruding
upwardly therefrom. Each of the conductive patterns may be
tormed on each of the protrusions of the diffusion prevention
insulation pattern, and may have a sidewall inclined by an
angle 1n a range of about 80 degrees to about 135 degrees to
a top surface of the substrate. The barrier layer may cover a
top surface and the sidewall of each 1f the conductive
patterns. The insulating interlayer may be formed on the
diffusion prevention insulation pattern and the barrier layer,
and may have an air gap between neighboring ones of the
conductive patterns.
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1
SEMICONDUCTOR DEVICES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. §119 to
Korean Patent Application No. 10-20135-0050024, filed on
Apr. 9, 2015 1n the Korean Intellectual Property Ofilice
(KIPO), the disclosure of which 1s herein incorporated by
reference in 1ts entirety.

BACKGROUND

1. Field

Example embodiments relate to a semiconductor device.
More particularly, example embodiments relate to a semi-
conductor device having a wiring structure.

2. Description of the Related Art

Recently, as the integration degree of a semiconductor
device increases, a line width and a pitch of wiring patterns
in the semiconductor device have decreased. Accordingly, a
parasitic capacitance between the neighboring wiring pat-
terns may increase thereby to cause RC delay and a reduc-
tion of an operational speed of the semiconductor device.

SUMMARY

Example embodiments provide a semiconductor device
having a reduced parasitic capacitance.

According to example embodiments, a semiconductor
device includes a diffusion prevention insulation pattern, a
plurality of conductive patterns, a barrier layer, and an
insulating interlayer. The diffusion prevention insulation
pattern may have a plurality of protrusions protruding
upwardly therefrom. Each of the conductive patterns may be
tormed on each of the protrusions of the diffusion prevention
insulation pattern, and may have a sidewall inclined by an
angle 1n a range of about 80 degrees to about 135 degrees to
a top surface of the substrate. The barrier layer may cover a
top surface and the sidewall of each of the conductive
patterns. The insulating interlayer may be formed on the
diffusion prevention insulation pattern and the barrier layer,
and may have an air gap between neighboring ones of the
conductive patterns.

In example embodiments, a width of a top surface of each
of the conductive patterns may be smaller than that of a
bottom surface thereof.

In example embodiments, a width of a top surface of each
of the conductive patterns may be greater than that of a
bottom surface thereof.

In example embodiments, a top surface of each of the
conductive patterns may be a curve that 1s convex upwardly.

In example embodiments, a lower sidewall of each of the
conductive patterns may be inclined by an angle 1n a range
ol about 90 degrees to about 135 degrees to the top surface
of the substrate, and an upper sidewall of each of the
conductive patterns may be inclined by an angle 1n a range
ol about 80 degrees to about 90 degrees to the top surface of
the substrate.

In example embodiments, the conductive patterns may
include a metal, e.g., copper, aluminum, tungsten, nickel, or
the like.

In example embodiments, the barrier layer may include a
metal, e.g., tantalum, cobalt, aluminum, manganese, or the
like, or a nitride thereof

In example embodiments, the barrier layer may include
graphene.
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In example embodiments, the barrier layer may cover an
upper surface of a portion of the diffusion prevention 1nsu-
lation pattern between the neighboring ones of the conduc-
tive patterns.

In example embodiments, the insulating interlayer may
include silicon carbonitride.

In example embodiments, the diffusion prevention insu-
lation pattern may include silicon nitride, silicon carboni-
tride, silicon carbide, and/or silicon oxynitride.

According to example embodiments, a semiconductor
device 1ncludes a diffusion prevention insulation pattern, a
plurality of conductive patterns, a catalyst pattern, a gap
formation inducing layer, a barrier layer, and an insulating
interlayer. The diffusion prevention insulation pattern may
be formed on a substrate, and may have a plurality of
protrusions protruding upwardly therefrom. FEach of the
conductive patterns may be formed on each of the protru-
sions of the diffusion prevention insulation pattern. The
catalyst pattern may be formed on each of the conductive
patterns. The gap formation inducing layer may be formed
on the catalyst pattern, and may have a width greater than
that of the catalyst pattern. The barrier layer may cover
sidewalls of the conductive patterns and the catalyst pat-
terns, an upper surface of a portion of the diffusion preven-
tion insulation pattern between neighboring ones of the
conductive patterns, and the gap formation inducing layers.
The insulating interlayer may be formed on the barrier layer,
and may have an air gap between the neighboring ones of the
conductive patterns.

In example embodiments, the catalyst pattern may include
a metal, e.g., cobalt, nickel, tantalum, manganese, or the
like.

In example embodiments, the gap formation inducing
layer may include a metal nitride, e.g., aluminum nitride, or
graphene.

In example embodiments, each of the conductive patterns
may have a sidewall inclined by an angle in a range of about
80 degrees to about 135 degrees to a top surface of the
substrate.

According to example embodiments, a semiconductor
device includes a substrate having an active fin defined by an
1solation layer, a gate structure formed on the active fin, a
source/drain layer formed on the active fin adjacent to the
gate structure, a first mnsulating interlayer formed on the
substrate and covering the gate structure, a diflusion pre-
vention insulation pattern formed on the first nsulating
interlayer and having a plurality of protrusions protruding
upwardly therefrom, a plurality of conductive patterns
formed on the protrusions of the diffusion prevention insu-
lation pattern, respectively, and having a sidewall inclined
by a given slope, a barrier layer covering a top surface and
the sidewall of each of the conductive patterns, and a second
insulating interlayer formed on the diffusion prevention
insulation pattern and the barrier layer and having an air gap
between neighboring ones of the conductive patterns.

In example embodiments, the conductive pattern may
include a metal, e.g., copper, aluminum, tungsten, nickel, or
the like. The barrier layer may include a metal, e¢.g., tanta-
lum, cobalt, manganese, or the like, or a nitride thereof.

In example embodiments, the second msulating interlayer
may include silicon carbonitride, and the diffusion preven-
tion 1nsulation pattern may include silicon nitride, silicon
carbonitride, silicon carbide, or silicon oxymitride.

In example embodiments, the gate structure may include
a gate msulation layer pattern and a gate electrode sequen-
tially stacked on the active fin. The gate insulation layer
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pattern may include a metal oxide having a high dielectric
constant, and the gate electrode may include a metal.

In example embodiments, the source/drain layer may
include an epitaxial layer including silicon, silicon carbide,
or silicon-germanium.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

Example embodiments will be more clearly understood
from the following detailed description taken 1n conjunction
with the accompanying drawings. FIGS. 1 to 17 represent
non-limiting, example embodiments as described herein.

FIGS. 1 to 5 are cross-sectional views 1illustrating semi-
conductor devices, respectively, 1n accordance with example
embodiments;

FIGS. 6 to 10 are cross-sectional views illustrating a
method of manufacturing the semiconductor device 1 FIG.
1 in accordance with example embodiments;

FIGS. 11 and 12 are cross-sectional views illustrating
semiconductor devices, respectively, imn accordance with
example embodiments;

FIGS. 13 to 16 are cross-sectional views illustrating a
method of manufacturing the semiconductor device i FIG.
11 1n accordance with example embodiments; and

FIG. 17 1s a cross-sectional view illustrating a semicon-
ductor device 1n accordance with example embodiments.

DESCRIPTION OF EMBODIMENTS

Various example embodiments will be described more
tully hereinafter with reference to the accompanying draw-
ings, 1n which some example embodiments are shown. The
present inventive concept may, however, be embodied in
many different forms and should not be construed as limited
to the example embodiments set forth herein. Rather, these
example embodiments are provided so that this description
will be thorough and complete, and will tully convey the
scope of the present inventive concept to those skilled in the
art. In the drawings, the sizes and relative sizes of layers and
regions may be exaggerated for clarity.

It will be understood that when an element or layer 1s
referred to as being “on,” “connected to” or “coupled to”
another element or layer, 1t can be directly on, connected or
coupled to the other element or layer or intervening elements
or layers may be present. In contrast, when an element 1s
referred to as being “directly on,” “directly connected to” or
“directly coupled to” another element or layer, there are no
intervening elements or layers present. Like numerals refer
to like elements throughout. As used herein, the term “and/
or’ includes any and all combinations of one or more of the
associated listed 1tems.

It will be understood that, although the terms first, second,
third, fourth etc. may be used herein to describe various
clements, components, regions, layers and/or sections, these
clements, components, regions, layers and/or sections
should not be limited by these terms. These terms are only
used to distinguish one element, component, region, layer or
section from another region, layer or section. Thus, a first
clement, component, region, layer or section discussed
below could be termed a second element, component,
region, layer or section without departing from the teachings
of the present inventive concept.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
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terms are mtended to encompass different orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the figures. For example, 1f the device in the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the term
“below” can encompass both an orientation of above and
below. The device may be otherwise ornented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein 1s for the purpose of describ-
ing particular example embodiments only and 1s not
intended to be limiting of the present inventive concept. As
used herein, the singular forms “a,” “an” and *“the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further under-
stood that the terms “comprises” and/or “comprising,” when
used 1n this specification, specily the presence of stated
features, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, steps, operations, elements, components, and/or
groups thereol.

Example embodiments are described herein with refer-
ence to cross-sectional illustrations that are schematic 1llus-
trations of 1dealized example embodiments (and 1intermedi-
ate structures). As such, variations from the shapes of the
illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus,
example embodiments should not be construed as limited to
the particular shapes of regions 1llustrated herein but are to
include deviations 1n shapes that result, for example, from
manufacturing. For example, an implanted region illustrated
as a rectangle will, typically, have rounded or curved fea-
tures and/or a gradient of 1implant concentration at its edges
rather than a binary change from implanted to non-im-
planted region. Likewise, a buried region formed by implan-
tation may result in some 1mplantation in the region between
the buried region and the surface through which the implan-
tation takes place. Thus, the regions 1llustrated 1n the figures
are schematic 1n nature and their shapes are not intended to
illustrate the actual shape of a region of a device and are not
intended to limit the scope of the present inventive concept.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this mventive concept belongs. It will be further
understood that terms, such as those defined 1n commonly
used dictionaries, should be interpreted as having a meaning
that 1s consistent with theirr meaning 1n the context of the
relevant art and will not be interpreted in an idealized or
overly formal sense unless expressly so defined herein.

FIGS. 1 to 5 are cross-sectional views illustrating semi-
conductor devices according to some example embodi-
ments.

Referring to FIGS. 1 to 5, the semiconductor device may
include a first msulating interlayer 110 on a substrate 100, a
diffusion prevention insulation pattern 122 on the first
insulating interlayer 110, a plurality of conductive patterns
132 on protrusions 124 of the diffusion prevention insulation
pattern 122, a barner layer 140 covering a top surface and
a sidewall of each conductive pattern 132, and a second
insulating interlayer 150 on the diffusion prevention insu-
lation pattern 122 and the barrier layer 140.

The substrate 100 may include a semiconductor material,
¢.g., silicon, germanium, silicon-germanium, or the like. In
some example embodiments, the substrate 100 may include
I1I-V compound semiconductor, e.g., GaP, GaAs, GaSh, or
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the like. In some example embodiments, the substrate 100
may 1nclude a silicon-on-insulator (SOI) substrate or a
germanium-on-insulator (GOI) substrate.

In some example embodiments, the substrate 100 may
turther include elements that are formed by a front end of
line (FEOL) process thereon. The first insulating interlayer
110 may cover the elements. The first insulating interlayer
110 may include an 1nsulating matenal, e.g., silicon dioxide
(S10,) or a low-k material.

The diflusion prevention insulation pattern 122 on the first
insulating interlayer 110 may include a plurality of protru-
sions 124 protruding upwardly therefrom. Top surfaces of
the protrusions 124 may contact bottom surfaces of the
conductive patterns 132, respectively, and may possibly
prevent metal components contained 1n the conductive pat-
terns 132 from diflusing toward the first insulating interlayer
110. The diffusion prevention insulation pattern 122 may
include, e.g., silicon nitride, silicon carbonitride, silicon
carbide, silicon oxynitride, or the like.

In some example embodiments, the plurality of conduc-
tive patterns 132 may be arranged 1 a second direction.
Each of the conductive patterns 132 may extend on each of
the protrusions 124 of the diffusion prevention insulation
pattern 122 in a first direction substantially perpendicular to
the second direction. The conductive patterns 132 may
include a metal, e.g., copper, aluminum, tungsten, nickel, or
the like. In some example embodiments, the conductive
pattern 132 may be electrically connected to the substrate
100 by vias (not illustrated) or contacts (not illustrated)
passing through the first insulating interlayer 110.

In some example embodiments, each of the conductive
patterns 132 may have a sidewall inclined by a first angle 01
to a top surface of the substrate 100. For example, the first
angle 01 may be 1n a range of about 80 degrees to about 135
degrees. When the first angle 01 1s in a range of about 80
degrees to about 90 degrees, a width of a top surface of each
of the conductive pattern 132 may be less than that of a
bottom surface thereof (Refer to FIG. 1). In some example
embodiments, when the first angle 01 1s 1n a range of about
90 degrees to about 135 degrees, a width of the top surface
ol each of the conductive patterns 132 may be greater than
that of the bottom surface thereof (Refer to FIG. 2).

As shown in FIG. 3, the top surface of each of the
conductive patterns 132 may have a curved shape that is
convex upwardly. In FIG. 3, a top surface of the barrier layer
140 has a curved shape that 1s convex upwardly, but 1t 1s not
be limited thereto. For example, the barner layer 140 may
have a top surface substantially parallel to the top surface of
the substrate 100.

As shown 1n FIG. 4, each of the conductive patterns 132
may include a sidewall having an undercut shape. In other
words, a lower sidewall of each of the conductive patterns
132 may be inclined by a second angle 02 to the top surface
of the substrate 100, and an upper sidewall of each of the
conductive patterns 132 may be inclined by a third angle 03
different from the second angle 02 to the top surface of the
substrate 100. For example, the second angle 02 may be 1n
a range ol about 90 degrees to about 135 degrees and the
third angle 03 may be 1n a range of about 80 degrees to about
90 degrees. FI1G. 4 shows that a length of the lower sidewall
of each of the conductive patterns 132 1s less than that of the
upper sidewall thereot, however, the shape of the sidewall of
cach of the conductive patterns 132 may not be limited
thereto. In some example embodiments, the length of the
lower sidewall of each of the conductive patterns 132 may
be equal to or greater than that of the upper sidewall thereof.
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The barrier layer 140 on each of the conductive patterns
132 may extend in the first direction to cover the sidewall
and the top surface of the conductive pattern 132. The barrier
layer 140 may reduce or possibly prevent the diffusion of
metal components contained 1n the conductive patterns 132
to the second msulating interlayer 150. The barrier layer
14Q) may include a metal, e.g., tantalum, cobalt, aluminum,
manganese, or the like, a metal mitride, e.g., tantalum nitride,
cobalt nitride, aluminum nitride, manganese nitride, or the
like, or graphene.

In some example embodiments, the barrier layer 140 may
cover a portion of the diffusion prevention isulation pattern
122 between neighboring ones of the conductive patterns
132 1n the second direction.

As shown 1n FIG. 5, the barrier layer 140 may cover the
top surface and the sidewall of the conductive pattern 132,
and further extend in the second direction to cover a sidewall
and an upper surface of the diffusion prevention insulation
pattern 122. The neighboring ones of the conductive patterns
132 1n the second direction may be connected to each other
by the barrier layer 140. In this case, the barrier layer 140
may include an insulation material, e.g., silicon nitride,
silicon carbonitride, silicon carbide, silicon oxynitride, or
the like, so that the conductive patterns 132 may be elec-
trically insulated from each other.

Referring back to FIG. 1, the second insulating interlayer
150 may be formed on the diffusion prevention insulation
pattern 122 and the barner layer 140, and may cover the
plurality of conductive patterns 132. The second insulating
interlayer 150 may include a plurality of air gaps 155
therein. Each of the air gaps 155 may be formed between the
neighboring ones of the conductive patterns 132 in the
second direction. Each of the air gaps 135 may have an air
tunnel shape extending 1n the first direction. FIG. 1 shows
that each of the air gaps 155 has a trapezoidal shape in which
a width of a top 1s greater than that of a bottom, however, the
shape of the air gaps 155 may not be limited thereto. For
example, as shown 1n FI1G. 4, a width of a middle portion of
cach of the air gaps 155 may be less than those of upper and
lower portions thereof.

The air gaps 155 may include air having a relatively low
dielectric constant. Accordingly, a parasitic capacitance
between the neighboring ones of the conductive patterns 132
adjacent to the air gap 155 may be reduced. It will be
understood that “air gap” may be, for example, any void or
cavity, and may be a gap filled with air (e.g., an air-gap), a
gap filled with an inert gas or gases (e.g., an 1nert gas gap),
a gap defimng a vacuum (e.g., a vacuum gap), efc.

In some example embodiments, the second insulating
interlayer 150 may include an oxide, e.g., silicon dioxide
(510,), or a low-k dielectric material. In some example
embodiments, the second insulating interlayer 150 may
include a material having a lower dielectric constant and a
higher elasticity than those of silicon dioxide (S10,) so as to
form the air gaps 1355. For example, the second insulating
interlayer 150 may include silicon carbonitride (S1CN).

As 1illustrated above, the semiconductor device may
include the conductive patterns 132 each having the sidewall
inclined by the angle 1n the range of about 80 degrees to
about 135 degrees to the top surface of the substrate 100, the
diffusion prevention insulation pattern 122 having the plu-
rality of protrusions 124 protruding upwardly, which may
contact the bottom surfaces of the conductive patterns 132,
the barrier layer 140 covering the top surface and the
sidewall of each of the conductive patterns 132. Further, the
semiconductor device may include the air gaps 1535 between
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the neighboring ones of the conductive patterns 132.
Accordingly, the parasitic capacitance of the semiconductor
device may be reduced.

FIGS. 6 to 10 are cross-sectional views illustrating a
method of manufacturing the semiconductor device i FIG.
1 in accordance with example embodiments.

Referring to FIG. 6, a FEOL process may be performed to
form elements (not 1illustrated) on a substrate 100. A first
insulating interlayer 110 may be formed on the substrate 100
to cover the elements. A diffusion prevention insulation layer
120 and a conductive layer 130 may be sequentially formed
on the first msulating interlayer 110.

Referring to FIG. 7, a mask structure 180 may be formed
on the conductive pattern 130.

In some example embodiments, the mask structure 180
may include a hard mask 182 and a photoresist pattern 184
sequentially stacked. A hard mask layer (not illustrated) and
a photoresist layer (not illustrated) may be sequentially
formed on the conductive layer 130, and exposure and
developing processes may be performed to form the mask
structure 180. In some example embodiments, a plurality of
mask structures 180 may be formed on the conductive layer
130, which may be spaced apart from each other by first
openings 185.

In some example embodiments, the exposure process may
be performed using, e.g., chromium fluoride (KrF), argon
fluoride (ArF), extreme ultra violet (EUV), vacuum ultra
violet (VUV), electron beam, X-ray, ion beam, or the like.

The hard mask 182 may be formed of, e.g., carbon, a
silicon-based spin on hard mask (SOH) matenal, a silicon
oxynitride-based hard mask matenial, or the like. In some
example embodiments, the hard mask 182 may not be
formed, but the photoresist pattern 184 only may be formed.

Referring to FIG. 8, the conductive layer 130 may be
etched to form a conductive pattern 132.

In some example embodiments, the conductive layer 130
may be etched using the mask structure 180 as an etching
mask until a top surface of the diffusion prevention insula-
tion layer 120 may be exposed. Accordingly, a plurality of
conductive patterns 132 and second openings 135 may be
formed. A sidewall of the conductive pattern 132 may be
inclined by an angle in a range of about 80 degrees to about
135 degrees to a top surface of the substrate 100. An upper
portion of the diflusion prevention insulation layer 120 may
be also partially etched to form a diffusion prevention
insulation pattern 122 having a plurality of protrusions 124
at upper portions thereof.

Referring to FIG. 9, a barrier layer 140 may be formed on
a top surface and the sidewall of the conductive pattern 132.

In some example embodiments, the barrier layer 140 may
be formed on the top surface and the sidewall of the
conductive pattern 132 using a material that may be selec-
tively deposited on the conductive pattern 132. The barrier
layer 140 may be formed of a metal, e.g., tantalum, coballt,
aluminum, manganese, or the like. In some example
embodiments, the barrier layer 140 may be formed of a
metal nitride, e.g., tantalum nitride, cobalt nitride, aluminum
nitride, manganese nitride, or the like, or graphene. The
barrier layer 140 may be formed by, e.g., a chemical vapor
deposition (CVD) process.

In some example embodiments, the barrier layer 140 may
be formed to tully cover an upper surface of a portion of the
diffusion prevention insulation pattern 122 between neigh-
boring ones of the conductive patterns 132 in the second
direction. In this case, the barrier layer 140 may be formed
ol a material substantially the same as or similar to that of
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the diffusion prevention insulation pattern 122, e.g., silicon
nitride, silicon carbonitride, silicon carbide, silicon oxyni-
tride, or the like.

Retferring to FIG. 10, a plasma treatment may be per-
formed on an upper surface of the barrier layer 140.

In example embodiments, the plasma treatment may be
performed using, e.g., nitrogen plasma, oxygen plasma,
hydrogen plasma, mixed plasma including nitrogen and
hydrogen, tetrafluoromethane (CF4) plasma, and/or ammo-
nia plasma. The plasma treatment may be performed using
a capacitive coupled plasma (CCP) source or an inductively
coupled plasma (ICP) source.

When the plasma treatment 1s performed, a fine film on
the upper surface of the barrier layer 140 may be partially
removed to form a fine concavo-convex. Thus, the second
insulating interlayer 150 may be deposited on the upper
surface of the barrier layer 140 better than on the second
openings between the neighboring ones of the conductive
patterns 132. Accordingly, an air gap 155 may be formed in
cach of the second openings 135.

Referring back to FIG. 1, a second insulating interlayer
150 may be formed on the diffusion prevention insulation
pattern 122 and the barrier layer 140.

In some example embodiments, the second insulating
interlayer 150 may be formed under process conditions and
using materials having relatively low gap-filling properties.
The second 1nsulating interlayer 150 may be formed by, e.g.,
a plasma enhanced CVD (PECVD) process, a sputtering
process, or the like.

Accordingly, the second insulating interlayer 150 may
overhang at entrances of the second openings 135 by the
conductive patterns 132. Thus, the second insulating inter-
layer 150 may not completely fill the second openings 135,
and the air gap 155 may be formed between the neighboring
ones of the conductive patterns 132.

The second insulating interlayer 150 may include a mate-
rial having a lower dielectric constant and a higher elasticity
than those of silicon dioxide (S10,). For example, the
second 1nsulating interlayer 150 may be formed of silicon
carbonitride (S1CN).

As described above, 1n the method of manufacturing the
semiconductor device 1n accordance with example embodi-
ments, the upper surface of the barrier layer 140 may be
cleaned by a plasma treatment, and/or the second insulating
interlayer 150 having a low gap-filling property may be
formed. Accordingly, the air gaps 155 may be formed
between the neighboring ones of the conductive patterns
132, and the parasitic capacitance of the semiconductor
device may be reduced.

FIGS. 11 and 12 are cross-sectional views illustrating
semiconductor devices, respectively, in accordance with
example embodiments. The semiconductor device i FIGS.
11 and 12 may be substantially the same as or similar to that
illustrated with reference to FIG. 1 except for a catalyst
pattern, a gap formation inducing layer, and a shape of a
barrier layer. Thus, like reference numerals refer to like
clements, and detailed descriptions thereon may be omitted
below 1n the interest of brevity.

Referring to FIGS. 11 and 12, the semiconductor device
may include the first msulating interlayer 110 on the sub-
strate 100, the diffusion prevention mnsulation layer 122 on
the first insulating interlayer 110, the plurality of conductive
patterns 132 on the protrusions 124 of the diffusion preven-
tion insulation layer 122, respectively, a plurality of catalyst
patterns 162 on the conductive patterns 132, respectively, a
gap formation inducing layer 170 on each of the catalyst
patterns 162, a barrier layer 142 covering the conductive
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patterns 132, the catalyst patterns 162, the diffusion preven-
tion insulation pattern 122 and the gap formation inducing,
layer 170, and the second 1nsulating interlayer 150 covering
the barrier layer 142. The air gaps 155 may be formed
between neighboring ones of the conductive patterns 132 in
FIG. 11, and air gaps 145 may be formed between neigh-
boring ones of the conductive patterns 132 1n FIG. 12.

Each of the catalyst patterns 162 may extend in the first
direction on each of the conductive patterns 132, which may
be arranged 1n the second direction perpendicular to the first
direction. The catalyst patterns 162 may include a metal,
¢.g., cobalt, nickel, tantalum, manganese, or the like.

In some example embodiments, each of the catalyst
patterns 162 may fully cover a top surface of each of the
conductive patterns 132. In some example embodiments,
cach of the catalyst patterns 162 may partially cover the top
surface of each of the conductive patterns 132.

The gap formation inducing layer 170 may extend in the
first direction on each of the catalyst patterns 162, which
may be arranged 1n the second direction. The gap formation
inducing layer 170 may include, e.g., aluminum nitride,
graphene, or the like.

In some example embodiments, a width of the gap for-
mation inducing layer 170 may be greater than those of each
of the catalyst patterns 162 and each of the conductive
patterns 132. Accordingly, a gap between neighboring ones
of the gap formation inducing layers 170 may be smaller
than gaps between neighboring ones of the catalyst patterns
162 and between neighboring ones of the conductive pat-
terns 132.

FIG. 11 shows that the gap formation inducing layer 170
has an elliptical-shaped cross-section, however, the shape of
the gap formation inducing layer 170 may not be limited
thereto. For example, a top surface of the gap formation
inducing layer 170 may be parallel to a top surface of the
substrate 100. In some example embodiments, the gap
formation inducing layer 170 may have a rectangular-shaped
cross-section.

The barrier layer 142 may cover sidewalls of the conduc-
tive patterns 132 and the catalyst patterns 162, an upper
surface of the diffusion prevention insulation layer 122, and
the gap formation inducing layers 170. The barrier layer 142
may reduce or possibly prevent the diffusion of metal
component contained in the conductive patterns 132 to the
second 1nsulating interlayer 150. The barrier layer 142 may
include, e.g., silicon nitride, silicon carbonitride, silicon
carbide, silicon oxynitride, or the like.

As shown 1n FIG. 12, 1n some example embodiments, the
barrier layer 142 may extend 1n the first direction to cover
top surfaces of the gap formation inducing layers 170.
Accordingly, the air gap 145 may be formed between the
neighboring ones of the conductive patterns 132 by the
barrier layer 142. FIG. 12 shows that the air gap 1435 has a
door-shaped cross-section, however, the shape of the air gap
145 may not be limited thereto, and the air gap 145 may have
various shapes.

In this case, the second insulating interlayer 150 may be
formed on the barrier layer 142, and may include no air gap
therein.

FIGS. 13 to 16 are cross-sectional views illustrating a
method of manufacturing the semiconductor device i FIG.
11 1n accordance with example embodiments. The semicon-
ductor device 1 FIGS. 13 to 16 may be substantially the
same as or similar to that illustrated with reference to FIGS.
6 to 10 except for a catalyst pattern, a gap formation
inducing layer, and a shape of a barrier layer. Thus, like
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reference numerals refer to like elements, and detailed
descriptions thereon may be omitted below in the interest of
brevity.

First, processes substantially the same as or similar to
those 1llustrated with reference to FIG. 6 may be performed,
so that the first insulating interlayer 110, the diffusion
prevention insulation layer 120, and the conductive layer
130 sequentially stacked on the substrate 100 may be
formed.

Referring to FI1G. 13, a catalyst layer 160 may be formed
on the conductive layer 130.

In some example embodiments, the catalyst layer 160
may be formed of a metal, e.g., cobalt, nickel, tantalum,
manganese, or the like.

Referring to FIG. 14, a process substantially the same as
or stmilar to that illustrated with reference to FIG. 7 may be
performed, so that a mask structure (not 1llustrated) may be
formed on the catalyst layer 160. The catalyst layer 160 and
the conductive layer 130 may be etched using the mask
structure as an etching mask to form a catalyst pattern 162
and the conductive pattern 132, respectively. In some
example embodiments, a plurality of catalyst patterns 162
and the plurality of conductive patterns 132 may be formed.
The second opening 135 may be formed between structures
including the catalyst layer 160 and the conductive layer
130.

Similar to the process described with reference to FIG. 8,
the conductive pattern 132 may be formed to have the
sidewall inclined by the angle 1n a range of about 80 degrees
to about 135 degrees to the top surface of the substrate 100.
Accordingly, a top surface of the diffusion prevention 1nsu-
lation layer 120 may be partially removed to form the
diffusion prevention insulation pattern 122 having the pro-
trusion 124 at upper portions thereof.

Referring to FIG. 15, a gap formation inducing layer 170
may be formed on the catalyst pattern 162.

In some example embodiments, a width of the gap for-
mation inducing layer 170 may be greater than those of the
catalyst pattern 162 and the conductive pattern 132. Accord-
ingly, a gap between neighboring ones of the gap formation
inducing layers 170 may be less than gaps between neigh-
boring ones of the catalyst patterns 162 and between neigh-
boring ones of the conductive patterns 132.

In some example embodiments, the gap formation imnduc-
ing layer 170 may be formed using a material that may be
deposited selectively only on a metal component of the
catalyst pattern 162. For example, the gap formation induc-
ing layer 170 may be formed using aluminum nitride or
graphene by a CVD process.

Referring to FIG. 16, a barrier layer 142 may be formed
to cover sidewalls of the conductive patterns 132 and the
catalyst patterns 162, an upper surface of the diffusion
prevention insulation pattern 122, and the gap formation
inducing layers 170.

The barrier layer 142 may be formed of, e.g., silicon
nitride, silicon carbonitride, silicon carbide, silicon oxyni-
tride, or the like.

In some example embodiments, the barrier layer 142 may
tully cover entrances of the second opemings 135 to form air
gaps 145 between the neighboring ones of the conductive
patterns 132, which 1s illustrated in FIG. 12.

Referring again to FIG. 11, the second insulating inter-
layer 150 may be formed on the barner layer 142.

In some example embodiments, the second insulating
interlayer 150 may be formed under process conditions and
using a material having relatively low gap-filling properties.
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The second msulating interlayer 150 may be formed by, e.g.,
a PECVD process, a sputtering process, or the like.

Accordingly, the second insulating interlayer 150 may
overhang at entrances of the second openings 135 by the gap
formation inducing layers 170. Accordingly, the second
insulating interlayer 150 may not completely {ill the second
openings 135, and air gaps 155 may be formed between the
neighboring ones of the conductive patterns 132.

The second insulating interlayer 150 may be formed of a
material having a lower dielectric constant and a higher
elasticity than those of silicon dioxide (S10,). For example,
the second insulating interlayer 150 may be formed of
silicon carbonitride (S1CN).

Alternatively, the second insulating interlayer 150 may
not be formed under the process conditions and using a
material having relatively low gap-filling properties. For
example, the second insulating interlayer 150 may be
formed of typical silicon dioxide (S10,) or a low-k material.
In this case, entrances of the second openings 135 may be
narrowed by the gap formation inducing layers 170, so that
the air gaps 155 may be formed.

As 1llustrated above, in the method of manufacturing the
semiconductor device, the gap formation inducing layers
170 may be formed on the conductive pattern 132. A width
of each of the gap formation inducing layers 170 may be
greater than that of each of the conductive patterns 132.
Accordingly, the air gaps 155 may be formed between the
neighboring ones of the conductive patterns 132, and the
parasitic capacitance of the semiconductor device may be
reduced.

FIG. 17 1s a cross-sectional view illustrating a semicon-
ductor device i accordance with example embodiments.
FIG. 17 shows that the semiconductor device includes a
fin-type field eflect transistor (inFET), however, the semi-
conductor device may not be limited thereto.

Referring to FIG. 17, the semiconductor device may
include the finFET on a substrate 200, and a plurality of
conductive patterns 270 electrically connected to the finFET.
A first region I may 1llustrate a partial cross-sectional view
ol the semiconductor device taken along a first direction, and
a second region II may illustrate a partial cross-sectional
view ol the semiconductor device taken along a second
direction substantially perpendicular to the first direction.

The substrate 200 may include a semiconductor material,
¢.g., silicon, germanium, silicon-germamum, or the like. In
some example embodiments, the substrate 200 may include
a I1I-v compound semiconductor, e.g., GaP, GaAs, GaSb, or
the like. In some example embodiments, the substrate 200
may include a SOI substrate or a GOI substrate.

The finFET may include a gate structure 210 and a
source/drain layer 206.

Particularly, the substrate 200 may include a field region
where a top surface 1s covered by an 1solation layer 202, and
an active region where a top surface 1s not covered by the
1solation layer 202. The active region may have a fin-like
shape protruding upwardly from the substrate 200. Thus,
hereinafter, the active region having fin-like shape may be
referred to as an active fin 204.

In some example embodiments, a plurality of active fins
204 may be arranged in the first direction substantially
parallel to a top surface of the substrate 200. Each of the
active fins 204 may extend 1n the second direction parallel
to the top surface of the substrate 200 and substantially
perpendicular to the first direction.

The 1solation layer 202 may include an oxide, e.g., silicon
oxide.
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A plurality of gate structures 210 may be arranged 1n the
second direction. Each of the gate structure 210 may cover
the active fin 204 and extend 1n the first direction.

In some example embodiments, the gate structure 210
may include a gate insulation layer pattern 212 and a gate
clectrode 214 sequentially stacked on the active fin 204, and
the 1solation layer 202. The gate structure 210 may further
include an 1interface pattern (not illustrated) between the gate
insulation layer pattern 212 and the active fins 204.

The gate 1nsulation layer pattern 212 may include a metal
oxide having a high dielectric constant that 1s higher than
that of silicon oxide, e.g., hatmum dioxide (H1O,), tantalum
oxide (Ta205), zirconium oxide (ZrO,), or the like. The gate
clectrode 214 may include a low resistance metal, e.g.,
aluminum, copper, tantalum, or the like, or a nitride thereof.

A spacer 218 may cover a sidewall of the gate structure
210. The spacer 218 may include a nitride, e.g., silicon
nitride.

The source/drain layer 206 may be formed on the active
fin 204 adjacent to the gate structure 210. The source/drain
layer 206 may include impurities.

The source/drain layer 206 may include an epitaxial layer
including, e.g., silicon, silicon carbide, silicon-germanium,
or the like. The epitaxial layer may be formed by a selective
epitaxial growth (SEG) process using the top surface of the
substrate 200 as a seed.

A third insulating interlaver 220 and a fourth insulating
interlayer 240 may be sequentially formed on the substrate
200. The third insulating interlayer 220 may cover the
fInFET. For example, the third and fourth insulating inter-
layers 220 and 240 may include a silicon oxide.

In some example embodiments, the third and fourth
insulating interlayers 220 and 240 may include a lower
contact plug 230 and an upper contact plug 252 there-
through, respectively. The lower contact plug 230 and the
upper contact plug 252 may electrically connect the source/
drain layer 206 to the conductive pattern 270. A contact pad
250 may be formed between the lower contact plug 230 and
the upper contact plug 252.

The lower contact plug 230 may penetrate through the
third 1nsulating interlayer 220, and may electrically connect
the source/drain layer 206 to the contact pad 250. The upper
contact plug 252 may penetrate through the fourth insulating
interlayer 240, and may electrically connect the contact pad
250 to the conductive pattern 270.

A metal wiring may be formed on the fourth insulating
interlayer 240 by a back end of line (BEOL) process. For
example, the metal wiring may include a fifth insulating
interlayer 290 including a plurality of conductive patterns
2770, a diffusion prevention insulation pattern 262 covering
a bottom surface of each of the conductive patterns 270, a
barrier layer 280 covering a top surface and a sidewall of
cach of the conductive patterns 270, and an air gap 295
between neighboring ones of the conductive patterns 270.

The diffusion prevention insulation pattern 262 may be
formed on the fourth insulating interlayer 240, and may have
a plurality of protrusions 264 protruding upwardly there-
from. Each of the protrusions 264 may contact a bottom
surface of each of the conductive patterns 270, and may
reduce or possibly prevent the diffusion of metal compo-
nents contained in the conductive patterns 270 to the fourth
insulating interlayer 240. The diffusion prevention insula-
tion pattern 262 may include, e.g., silicon mtride, silicon
carbonitride, silicon carbide, silicon oxynitride, or the like.

The plurality of conductive patterns 270 may be arranged
in the second direction. Each of the conductive patterns 270
may extend on each of the protrusions 264 of the diffusion
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prevention insulation pattern 262 in the first direction. The
conductive patterns 270 may include a metal, e.g., copper,
aluminum, tungsten, nickel, or the like. The bottom surface
of each of the conductive patterns 270 may contact the upper
contact plug 252, and may be e¢lectrically connected to the
source/drain layer 206.

In example embodiments, each of the conductive patterns
270 may include a sidewall inclined by a given slope to the
top surface of the substrate 200. For example, the sidewall
of each of the conductive patterns 270 may be inclined by an
angle 1n a range of about 80 degrees to about 135 degrees to
the top surface of the substrate 200.

In some example embodiments, a slope of a lower side-
wall of each of the conductive patterns 270 may differ from
that of an upper sidewall thereof. For example, the lower
sidewall of each of the conductive patterns 270 may be
inclined by an angle 1n a range of about 90 degrees to about
135 degrees, while the upper sidewall of the conductive
pattern 270 may be inclined by an angle 1n a range of about
80 degrees to about 90 degrees.

Further, the top surface of the conductive pattern 270 may
not be parallel to the top surface of the substrate 200. For
example, the conductive pattern 270 may have a curved top
surface, which may be convex upwardly.

The barrier layer 280 may cover the top surface and the
sidewall of each of the conductive patterns 270. The barrier
layer 280 may reduce or possibly prevent the diffusion of
metal components contained 1n the conductive patterns 132
to the second 1nsulating mterlayer 150. The barrier layer 280
may include a metal, e.g., tantalum, cobalt, aluminum,
manganese, or the like. Alternatively, the barrier layer 280
may include a metal nitride, e.g., tantalum nitride, cobalt
nitride, aluminum nitride, manganese nitride, or the like, or
graphene.

In some example embodiments, the barrier layer 280 may
extend 1n the second direction to fully cover an upper surface
of a portion of the diffusion prevention insulation pattern
262 between the neighboring ones of the conductive patterns
270. The barrier layer 280 may include a material substan-
tially the same as that of the diffusion prevention isulation
pattern 262. For example, the barrier layer 280 may include
silicon nitride, silicon carbonitride, silicon carbide, silicon
oxynitride, or the like.

The fifth msulating interlayer 290 may be formed on the
diffusion prevention insulation pattern 262 and the barrier
layer 280, and may cover the plurality of conductive patterns
270. The fifth insulating interlayer 290 may include a
plurality of air gaps 295 therein. Each of the air gaps 295
may be formed between the neighboring ones of the con-
ductive patterns 270. Each of the air gaps 295 may have an
air tunnel shape extending in the first direction. The air gaps
295 may 1include air having a relatively low dielectric
constant, and thus a parasitic capacitance between the neigh-
boring ones of the conductive patterns 270 adjacent to the air
gaps 295 may be reduced.

As 1llustrated above, the semiconductor device may
include the air gaps 295 between the neighboring ones of the
conductive patterns 270. Accordingly, the parasitic capaci-
tance of the semiconductor device may be reduced.

The foregoing 1s 1llustrative of example embodiments and
1s not to be construed as limiting thereof. Although a few
example embodiments have been described, those skilled 1n
the art will readily appreciate that many modifications are
possible in the example embodiments without materially
departing from the novel teachings and advantages of the
present inventive concept. Accordingly, all such modifica-
tions are intended to be included within the scope of the
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present inventive concept as defined in the claims. In the
claims, means-plus-function clauses are intended to cover
the structures described herein as performing the recited
function and not only structural equivalents but also equiva-
lent structures. Therefore, 1t 1s to be understood that the
foregoing 1s 1illustrative of various example embodiments
and 1s not to be construed as limited to the specific example
embodiments disclosed, and that modifications to the dis-
closed example embodiments, as well as other example
embodiments, are imtended to be imncluded within the scope
of the appended claims.

What 1s claimed 1s:

1. A semiconductor device, comprising:

a difflusion prevention insulation pattern on a substrate,
the diffusion prevention isulation pattern comprising a
plurality of protrusions protruding upwardly therefrom;

a plurality of conductive patterns on the plurality of
protrusions of the diffusion prevention insulation pat-
tern, respectively, each of the plurality of conductive
patterns comprising a sidewall inclined by an angle 1n
a range of about 80 degrees to about 135 degrees to a
top surface of the substrate;

a barrier layer covering a top surface and the sidewall of
cach of the plurality of conductive patterns; and

an insulating interlayer on the diflusion prevention insu-
lation pattern and the barrier layer, the insulating inter-
layer comprising an air gap between neighboring ones
of the plurality of conductive patterns.

2. The semiconductor device of claim 1, wherein a width
of the top surface of each of the conductive patterns 1s less
than that of a bottom surface thereof.

3. The semiconductor device of claim 1, wherein a width
of the top surface of each of the conductive patterns 1is
greater than that of a bottom surface thereof.

4. The semiconductor device of claim 1, wherein the top
surface of each of the conductive patterns has a curved shape
that 1s convex upwardly.

5. The semiconductor device of claim 1, wherein the
sidewall of each of the conductive patterns comprises a
lower sidewall and an upper sidewall, the lower sidewall of
cach of the conductive patterns 1s inclined by an angle 1n a
range ol about 90 degrees to about 135 degrees to the top
surface of the substrate, and the upper sidewall of each of the
conductive patterns 1s inclined by an angle 1n a range of
about 80 degrees to about 90 degrees to the top surface of the
substrate.

6. The semiconductor device of claim 1, wherein the
conductive patterns include copper, aluminum, tungsten,
and/or nickel.

7. The semiconductor device of claim 1, wherein the
barrier layer includes tantalum, cobalt, aluminum, manga-
nese, and/or a nitride thereof.

8. The semiconductor device of claim 1, wherein the
barrier layer includes graphene.

9. The semiconductor device of claim 1, wherein the
barrier layer covers an upper surface of a portion of the
diffusion prevention insulation pattern between the neigh-
boring ones of the conductive patterns.

10. The semiconductor device of claim 1, wherein the
insulating interlayer includes silicon carbonitride.

11. The semiconductor device of claim 1, wherein the
diffusion prevention 1insulation pattern includes silicon
nitride, silicon carbonitride, silicon carbide, and/or silicon
oxynitride.
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12. A semiconductor device, comprising:

a diffusion prevention insulation pattern on a substrate,
the diffusion prevention msulation pattern comprising a
plurality of protrusions protruding upwardly therefrom;

a plurality of conductive patterns on the plurality of
protrusions of the diffusion prevention insulation pat-
tern, respectively;

a plurality of catalyst patterns on respective ones of the
plurality of conductive patterns;

a plurality of gap formation inducing layers on respective
ones of the plurality of catalyst patterns, the plurality of
gap formation inducing layers each having a width
greater than that of each of the plurality of catalyst
patterns;

a barrier layer covering sidewalls of the plurality of
conductive patterns and the plurality of catalyst pat-
terns, upper surfaces of portions of the diffusion pre-
vention 1sulation pattern between neighboring ones of
the plurality of conductive patterns, and the plurality o
gap formation inducing layers; and

an 1sulating interlayer on the barrier layer, the insulating
interlayer comprising an air gap between the neighbor-
ing ones of the plurality of conductive patterns.

13. The semiconductor device of claim 12, wherein the
catalyst patterns include cobalt, nickel, tantalum, and/or
manganese.

14. The semiconductor device of claim 12, wherein the
gap formation inducing layers include aluminum nitride
and/or graphene.

15. The semiconductor device of claim 12, wherein the
sidewall of each of the conductive patterns 1s inclined by an
angle 1n a range of about 80 degrees to about 135 degrees to
a top surface of the substrate.
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16. A semiconductor device, comprising;:

a diflusion prevention insulation pattern on a substrate,
the diffusion prevention insulation pattern comprising a
plurality of protrusions protruding upwardly therefrom;

a plurality of conductive patterns on the plurality of
protrusions of the diffusion prevention insulation pat-
tern, respectively, the plurality of conductive patterns
cach having a sidewall inclined by an angle 1n a range
of about 80 degrees to about 135 degrees to a top
surface of the substrate; and

a barrier layer covering a top surface and the sidewall of
cach of the plurality of conductive patterns.

17. The semiconductor device of claim 16, wherein the
conductive patterns include copper, aluminum, tungsten,
and/or nickel, and wherein the barrier layer includes tanta-
lum, cobalt, manganese, and/or a nitride thereof.

18. The semiconductor device of claim 16, wherein each
of the plurality of conductive patterns 1s on a top surface of
a respective one of the plurality of protrusions of the
diffusion prevention insulation pattern.

19. The semiconductor device of claim 16, wherein the
diffusion prevention insulation pattern comprises a horizon-
tal portion that extends on the substrate, and the plurality of
protrusions of the diffusion prevention insulation pattern are
connected to the horizontal portion and protrude upwardly
from the horizontal portion.

20. The semiconductor device of claim 16, wherein the
substrate includes an active fin defined by an 1solation layer,

wherein the semiconductor device further comprises:

a gate structure on the active fin;

a source/drain layer on the active tin and adjacent to the
gate structure; and

an 1nsulating interlayer on the substrate, the msulating
interlayer covering the gate structure, and

wherein the diffusion prevention insulation pattern 1s on
the mnsulating interlayer.
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